One of the challenges in accurately estimating Photovoltaic (PV) cell electric performance is the uncertainty of the model equivalent circuit parameters. The parameters considered in the study are the series resistance, shunt resistance, photo current, saturation current, and diode ideality factor. Parameter estimation for the PV cell equivalent circuit model is challenging due to the implicit transcendental relationship of the I-V characteristics of the cell. This paper presents a fuzzy logic based study for estimating the uncertainty of the cell parameters. The model parameters change with temperature and irradiance, are the source of uncertainties. Mathematical programming is used to estimate the fuzzy parameters. The approach is performed on practical data and the results of the analysis provide the estimation of the PV cell parameters. Results of this research yielding better estimated parameters compared with other methods using the Absolute Mean Error (AME).
Introduction
Renewable energy sources are gaining more interest in recent years and will be an increasingly important part of power generation in the coming years [1] . The photovoltaic (PV) system provides an alternative renewable energy resource due to its environment friendly natural source of energy. It generates electricity on-site in remote and isolated areas without transmission losses or greenhouse gas emissions. The electrical properties of the PV modules determine the cost and performance of PV plants. The use of accurate PV model parameters representing effective PV models is necessary for accurate performance evaluation and control. Due to degradation and ageing of the PV modules, the actual the actual values of module parameters dynamically differ from those provided by the manufacturer. Moreover, the PV cell is a semiconductor material which exhibits a non-linear transcendental characteristic together with the unpredictable of the operating conditions complicates the modeling process. An exact equivalent circuit and its associated mathematical model is essential for providing accurate I-V characteristics of the PV module. The estimation of the PV module parameters helps to design more efficient PV modules and predicting their performance and efficiency. Several models have been proposed to describe the solar cell characteristics [2] - [8] . A Double-diode solar cell model is considered in this project with the same identity factor. A lumped parameter equivalent circuit with to model the solar cell. The main parameters to simulate the I-V terminal characteristics of the solar cell are, photo current, saturation current, shunt resistance, series resistance, and diode identity factor. The electrical current produced by a solar cell depends on the intensity of the incident light and on its intrinsic properties. An accurate estimation of the cell parameters required for accurate performance evaluation [3] .
Several methods are proposed in the literature to estimate model PV parameters. In [4] PV parameters estimation of the equivalent model current voltage characteristics using least squares fitting method is effectively applied with minimal errors. A Simulated annealing based approach is proposed in [5] for optimal estimation of solar cell model parameters. In [6], a numerical curve fitting procedures are used to estimate the cell model parameters: a non-linear two-point interval division was applied to extract local parameters from the current-voltage data at search measurement point. In [7] a methodology based on radial basis function neural networks to estimate the electrical characteristic curves of PV modules from the environmental operating conditions is presented. Particle swarm optimization (PSO) was effectively applied to extract the solar cell parameters in [9] [10] . A genetic algorithm utilizing isolated points obtained experimentally is used to determine the PV external current-voltage characteristic curve of a solar cell is presented in [11] . Using data commonly provided by panel manufacturers, measured environmental parameters, and semi-empirical equations, a theoretical approach is presented in [12] to evaluate the uncertainty of the PV cell model parameter. A new parameters extraction method based on the differential evolution technique is introduced [13] . The method fits the I-V curve better than genetic algorithm having a lower fitness value and faster execution time.
In [14] , the adaptive neuro-fuzzy inference systems as an AI technique which combines the advantages of fuzzy logicand adaptive networks, is applied for PV parameters estimation. The adaptive neuro-fuzzy inference systems is also used in [15] for parameter estimation of one diode equivalent circuit model of PV modules.
The present paper introduces a fuzzy-based methodology for the parameters estimation of PV cell. Using the of the PV equivalent circuit, Figure 1 , the PV cell five equivalent circuit parameters: series resistance, shunt resistance, diode photo current, diode reverse saturation current and diodeideality factor, are assumed to be a fuzzy parameters. Measurement I-V data of the PV cell are used to form a set of equations with fuzzy parameters. Least square methods are used to obtain the optimum parameters. The proposed technique could be applied to estimate the parameters of PV modules in order to account for ageing, performance degradation, and changes of operating conditions. The results obtained are compared with other techniques in the literature.
PV Modeling
Accurate estimation of the equivalent circuit parameters is important for control and performance evaluation of the PV cell. Manufacturer datasheet parameters are nominal values that are measured in factory under specific temperature, illumination, and weather conditions. The parameters values changes with time due to aging and the nonlinear transcendental nature of the PV cell. Therefore, for PC cells in different weather and degradation conditions the parameters must be estimated to obtain more accurate values than that given in the nominal manufacturing datasheet. Solar photovoltaic power generation employs solar panels also called modules that composed of a number of solar cells containing semi-conductor photovoltaic diode(s) which converts solar radiation into electric current. Mathematically, the solar photovoltaic cell is modeled by current voltage relationship (I-V) which exhibits a non-linear relationship due to the semi-conductor behavior of the cell. This (I-V) characteristic of the solar cell can be presented by a single diode model [2] , [3] and [5] shown in Figure 1 , and mathematically presented by Equation (1) and Equation (2) . 
Fuzzy Logic Algorithm
The research idea is based on the fact that system parameters could be deduced if their values are bounded by using a fuzzy logic algorithm. Using measured data together with fuzzy logic a set of equations are formed with fuzzy input fuzzy parameters. Then Least squares are used to obtain the optimal estimated parameters based on the formulation in [18] and [19] . In this algorithm, PV input current and voltage has been taken as input, and error between the estimated values of the input current and the calculated one has been calculated as output. The flow chart of Figure 2 represents the basic concept of the algorithm. The equation of error and signal is given below as follows:
where, L I is the measured PV terminal current, and ˆL I is the estimated current. A triangular shaped membership function is used for the input parameters. The range of the signal has been selected appropriate to each variable. Figure 3 represents the graphical view of the membership function for R s .
Results
Estimation of the five parameters of the PV module is illustrated in this section. Real photovoltaic solar module terminal data ( ) Li Li V , I for i 1, , N = … are considered in this testing [5] . The resulting parameters with comparison with previous work using other techniques are presented in Table 1 . The comparison is based on the Absolute Mean Error (AME). For each method the estimated resulting parameters along with current the measured terminal are used to calculate the terminal voltage. The AME of the calculated and measured voltages are computed and presented in Table 1 .
Conclusion
The paper presents a fuzzy-logic based technique to estimate the equivalent circuit parameters of PV cell. The PV cell five equivalent circuit parameters are modeled to be fuzzy parameters. Measurement I-V data of the PV cell are used to form a set of equations with fuzzy parameters. Least square methods are used to obtain the optimum parameters. The proposed technique could be applied to estimate the parameters of PV modules in order to account for ageing, performance degradation, and changes of operating conditions. The results obtained are compared with other techniques in the literature yielding better estimated parameters compared with other methods using the Absolute Mean Error (AME).
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